I. INTRODUCTION
Organic molecules such as Metal Phthalocyanines (Mpc's) have attracted enormous attention as building blocks for innovative materials and devices. Due to their structural similarity to the active sites of hemoglobin and chlorophyll, they are intensively studied as biomimetic catalysts 1 . Moreover, their electronic properties set them as promising candidates for optical and electronic devices for gas sensing 2 , solar cells 3 and field effect transistors 4 , among many others. The magnetic properties of some of these molecules, like the FePc studied in this work, are also interesting for molecular spintronics studies as prototypes of small molecular The interatomic distances a to h related to the molecular structures used in this work, are given in Table I The possibility to design MPc based materials with predetermined characteristics requires a full understanding of the electronic structure of the molecules. However, this has shown in many cases not to be a trivial task. Photoelectron spectroscopy (PES) measurements show that the valence band (VB) of several Pc's, in gas phase as well as in films, has a typical profile with a HOMO, in some cases split in two parts, and three major peaks followed by minor weaker peaks, as can be seen, for instance, for H To clarify this matter we have performed a systematic experimental-theoretical investigation of the photoelectron spectra of the VB of FePc. Owing to the current availability of high resolution synchrotron radiation, we have measured the valence band PES at high resolution and at several photon energies between 21 and 150 eV. In this energy window, the photoionization cross sections of the 3d levels of Fe vary considerably with respect to those of the p levels of C and N, strongly affecting the experimental spectra. Using the outcomes of the DFT/B3LYP calculation, which is the method that better describes the valence band of the molecule among those we have analysed here, and by taking into account the photon energies employed, we have simulated the experimental spectra. The comparison of the experimental and theoretical curves, allows to identify the elemental and orbital contributions to all the peaks of the VB, and clarifies the energy position of the Fe 3d levels. We have also performed first principles DFT electronic structure calculations in the GGA+U framework.
This method is especially well suited to describe accurately metalorganic molecules such as metal porphyrins or metal phthalocyanines with strong d-electron correlations, deposited on surfaces 15, 16 .
II. EXPERIMENTAL METHODS
The measurements were performed at the Gas Phase Photoemission beamline of Elettra in Trieste 17 , using a 150 mm hemispherical electron energy analyser, equipped with six channel electron multipliers. The electron analyzer was mounted with its axis at a forward scattering angle of 54.7
• with respect to the electric vector of the linearly polarized light, and in the same plane as the beam propagation direction. In this geometry the electron analyzer is set at the (pseudo) magic angle, so measurements are almost insensitive to the photoelectron asymmetry parameter. The iron phtalocyanine was obtained commercially from Sigma Aldrich in the form of crystalline blue powder with minimum purity of 80%, and was thoroughly purified in vacuum. It was evaporated from a home-built furnace with an effusive nozzle and was checked during purification procedure, comparing periodically a PE spectrum acquired at around 21 eV with Berkowitz's spectrum 9 . The measurements were started only when the vapour could be safely considered free from impurities (mainly water and phthalonitrile). The working evaporation temperature was around 460 ± 10 • C. Valence spectra were taken at photon energies between 21 and 150 eV, using a Pass Energy of 5 eV, corresponding to an energy band pass of 100 meV. The HOMO has been calibrated at 6.38 eV according to Berkowitz 9 comparing it to the position of the Ar 2p 3/2,1/2 peak ionized at hν = 110 eV, with an overall resolution of 150 meV. PE spectra have been normalized to the photon flux and to the analyser transmission function, taking into account the acquisition time. It was not possible to normalize to the sample density, being it not possible to measure its partial pressure. Moreover, the high temperature of vaporization and its long drifting periods did not allow us to assume an almost constant density of the sample. Therefore, our data can be used to extrapolate branching ratios but not relative partial cross sections of electronic states. The partial DOS's obtained from B3LYP were used to simulate our experimental PE spectra taken at various photon energies, using the Gelius model 24 . According to this method, the partial DOS's of each atomic orbital were weighed by their related theoretical subshell photoionization cross sections 25, 26 . The values of the subshell photoionization cross sections change for each element and atomic orbital as a function of the photon energy. The procedure was repeated for all the photon energies used in the experiment. To compare the simulated curves with the measured ones, we have convoluted the theoretical peaks with
Gaussian curves with FWHM increasing from 0.1 eV to 1.2 eV in the region between -6.38
eV and -9.6 eV, and of 1.2 eV for the rest of the curve.
We have also computed the electronic structure of the VB by means of first principle DFT calculations on the basis of the projector augmented wave method (PAW) implemented in the Vienna ab initio simulation package (VASP) 27 . Spin-polarized PBE+U calculations were 6 performed by explicitly including the strong Coulomb correlations between the Fe d-orbitals through the Hubbard U term, the Coulomb interaction parameter. U ef f is the difference between the U term and the exchange parameter J 28, 29 . Here the U parameter is determined by the comparison with the experimental data, and the exchange parameter J is fixed at 1 eV 28 . The size of the simulation box employed was 21Å × 21Å × 21Å. In this way we could minimize the intermolecular interaction due to the periodic boundary conditions used in the code. The energy cut-off of 500 eV was used for the plane waves and the reciprocal space was sampled in the Γ point. The same spin state of the B3LYP calculations was reproduced, and the HOMO-LUMO gap calculated was of 1.04 eV for U ef f equal to 3 eV and of 1.03 eV for U ef f equal to 5 eV.
The atomic distances obtained for FePc in the B3LYP and in the GGA+U calculations with U ef f equal to 5 eV are reported in Table I 30 , and the B3LYP and GGA+U, with U ef f equal to 5 eV, calculations are referred to this work. The distances related to the GGA+U calculation are averaged over the whole molecule.
IV. RESULTS
In Fig. 2 we compare the total DOS's of the VB computed by Gaussian 09 with the B3LYP and with the PBE functionals. Below the total DOS, we show the partial DOS's of carbon and nitrogen 2s and 2p, and of iron 3d, which are the atomic orbitals that predominantly contribute to the molecular orbitals in the VB. The theoretical curves are compared, as a reference, to our experimental spectrum collected at 110 eV. This is the same photon energy that we had used in a previous work to measure the polarization dependence of the VB PES of a film of FePc on Si(100) 7 . The energy scale of the curves is aligned to the experimental scale, so that the experimental HOMO and the theoretical HOMO are set at the same energy of -6.38 eV. To facilitate the discussion, we have named the main spectroscopical features A to G according to 7 . Peak A is formed by two subpeaks, A 1 , the HOMO, and A 2 . The intensity ratio and the composition of these two peaks will be largely discussed below. A first observation about the total DOS's computed with the hybrid B3LYP and with the PBE functionals, is that both methods are able to capture the overall structure of the VB.
The major peaks from A 1 to G are clearly present in both calculations, and peaks F and G are well resolved. The DOS obtained with the PBE functional, however, is contracted in energy with respect to the B3LYP DOS, leading to evident differences in the energy positions of the respective peaks. The rigid contraction of the energy positions of the KohnSham orbitals calculated by PBE has been observed before for organic molecules 31 . It's origin might be due to a reduced orbital interaction in PBE, which does not work with an orbital dependent potential and an average distribution of electrons over orbitals is favored.
This effect is in large part released by hybrid functionals, like B3LYP, where the exchange correlation term is improved by including the exact exchange. The Hartree-Fock exchange interaction leads to a stronger orbital dependence causing larger splitting of the orbitals.
From the comparison displayed in Fig. 2 we conclude that the energies of the peaks calculated with B3LYP are closer to the experimental photoemission peaks than the PBE ones. From DOS's calculated with the B3LYP and with the PBE functionals provide nonetheless similar descriptions with respect to the N and C contributions. The partial DOS's of the 2s and 2p electrons of C and N are in fact very similar for both functionals for all the peaks from A 1 to G. The theory predicts in both cases that the lower energy part of the VB, included between the peaks A 1 /HOMO to the E 2 , i.e. between -6.38 eV and about -15.5 eV for B3LYP, or -14.5 for PBE, is populated by molecular orbitals formed for the major part by a mixing of C and N 2p states. At the higher binding energies of peaks F and G, the contributions of C and N 2s electrons become more important. B3LYP and PBE provide different shapes for peak B. In fact peak B as well as A 1 , are strongly influenced by the location of the Fe 3d levels. In the inset of Fig. 2 , only the Fe 3d partial DOS's calculated with both methods are plotted, and compared to the photoemission experiment. The overall profile of the Fe 3d components is very similar in both cases, but in the PBE calculations it is shifted towards lower binding energies compared to the B3LYP. The most intense Fe 3d levels are located between A 2 and D 2 according to B3LYP, and between A 1 and D 1 according to PBE. The main disagreement between the two DFT descriptions of the electronic structure is therefore related to the energy position of the Fe 3d levels, and it gives two very different results particularly for A 1 . The B3LYP finds that the HOMO, A 1 , is a π orbital originated from C 2p orbitals with an a 1u symmetry. The Fe 3d orbitals are located in the A 2 peak which is thus mainly a mixing of C 2p and Fe 3d contributions that build a e g type orbital. The B3LYP method also predicts a Fe 3d contribution to the next feature at lower energy, which corresponds with the position of peak B 1 , that appears as a shoulder in the composite B feature. In the PBE calculation, instead, we obtain Fe 3d components of similar intensities in both A 1 and A 2 peaks, where they mix with the C 2p orbitals. Here e g orbitals contribute to the peak A 1 . The same results for the molecular orbitals were obtained in 11, 14 . In Fig. 3, panel B , the PES simulations are displayed. The energy scale of the theoretical curves is aligned with the experimental one. The overall profiles of the simulated spectra are very similar to the experimental data, and undergo the same kind of modifications. At photon energies of 21 and 31 eV, the peaks B, D and E have clearly higher intensity than the peaks A. As observed in the experimental data, the intensity ratio between these peaks gets inverted at higher photon energies. The relative intensities of the theoretical peaks A 1 and A 2 clearly follow the same trend of the experiment: the similarity with the measurements is remarkable both at the lowest and at the highest energies (21, 31, 110, 130, and 150 eV).
Finally, the intensity of the computed peak B 1 increases when the photon energy increases, as happens for the peak A 2 and according to the the experimental spectra.
In Fig. 4 equal to 5 eV, an electronic structure analogous to the one calculated by B3LYP. As can clearly be seen in Fig. 4 , the DOS obtained with U ef f equal to 3 eV agrees roughly with the Gaussian/PBE DOS shown in Fig. 2 , and in a similar way, it locates the Fe 3d band at higher energies, where it contributes to both the A 1 and the A 2 peaks. In the calculation with U ef f equal to 5 eV, instead, the two higher energy peaks A 1 and A 2 are found to be composed by only C 2p, and by C 2p and Fe 3d electrons respectively, this structure being the one that best corresponds to the intensity variations observed in the measured spectra.
In Fig. 4 , below the total DOS, also the partial DOS of C and N 2s and 2p, and of Fe 3d atomic orbitals are shown.
V. DISCUSSION
The gradient corrected PBE and hybrid B3LYP exchange-correlation functionals give different energy positions for the Fe 3d states in the VB of FePc. As previously observed, how-ever, these types of DFT calculations often provide a DOS profile in reasonable agreement with the experimental PE measurements. This fact hampers unfortunately the possibility to distinguish among these methods, and to identify among them a possibly more accurate electronic description. In this work we have systematically employed an effective tool to overcome this problem, which is the inclusion of the effects of the subshell cross sections in the experimental measurements and in the theoretical calculations. The variations in the shape of the VB that are observed in the experimental PES at several photon energies, The strong variations of the relative intensities of the A 1 (the HOMO) and A 2 peaks, which are observed in the measured spectra, hence, are a strong indication that they have different elemental origins. The intensity of the peak A 1 decreases with respect to that of peak A 2 as the photon energy increases. Considering the relative magnitudes of the photoionisation cross sections, it is straightforward that the peak A 2 contains a considerable but not of A 1 , as in B3LYP and in agreement to the experimental findings.
VI. CONCLUSIONS
We have measured PE spectra of the VB of FePc molecules in gas phase, at varying photon energy. The changes observed in the spectra as a function of the incident radiation can be attributed to effects of the photoionization cross sections. The DOS in the VB was 
